Summary. The autonomic nervous system plays an important role in the regulation of body processes in health and disease. Overfeeding and obesity (a disproportional increase of the fat mass of the body) are often accompanied by alterations in both sympathetic and parasympathetic autonomic functions. The overfeeding-induced changes in autonomic outflow occur with typical symptoms such as adiposity and hyperinsulinemia. There might be a causal relationship between autonomic disturbances and the consequences of overfeeding and obesity. Therefore studies were designed to investigate autonomic functioning in experimentally and genetically hyperphagic rats. Special emphasis was given to the processes that are involved in the regulation of peripheral energy substrate homeostasis. The data revealed that overfeeding is accompanied by increased parasympathetic outflow. Typical indices of vagal activity (such as the cephalic insulin release during food ingestion) were increased in all our rat models for hyperphagia. Overfeeding was also accompanied by increased sympathetic tone, reflected by enhanced baseline plasma norepinephrine (NE) levels in both VMH-lesioned animals and rats rendered obese by hyperalimentation. Plasma levels of NE during exercise were, however, reduced in these two groups of animals. This diminished increase in the exercise-induced NE outflow could be normalized by prior food deprivation. It was concluded from these experiments that overfeeding is associated with increased parasympathetic and sympathetic tone. In models for hyperphagia that display a continuously elevated nutrient intake such as the VMH-lesioned and the overfed rat, this increased sympathetic tone was accompanied by a diminished NE response to exercise. This attenuated outflow of NE was directly related to the size of the fat reserves, indicating that the feedback mechanism from the periphery to the central nervous system is altered in the overfed state.
The autonomic nervous system plays an important role in the regulation of body processes in health and disease. Data from animal studies reveal, for example, that overfeeding and, in general, obesity (a disproportional increase of the fat mass of the body) are often accompanied by alterations in both sympathetic and parasympathetic functions (8, 21, 25, 26, 27) . There might be a causal relationship between the autonomic disturbances and the consequences of overfeeding and obesity. Hyperinsulinemia, for example, can be explained by increased activation of the parasympathetic limb (24, 31, 32) and/or reduced outflow of the sympathetic branch (8, 9, 26, 62) of the autonomic nervous system. In the present paper the results of a number of studies designed to investigate autonomic functioning in experimentally and genetically hyperphagic rats are discussed. Particular emphasis is given to the relation between overfeeding, autonomic functioning and the processes that are involved in the regulation of peripheral energy substrate homeostasis.
Autonomic Influences on Energy Substrate Homeostasis
The storage, mobilization and utilization of the different energy substrates is regulated by very sensitive and specific (neuro)hormonal mechanisms. Figure 1 schematically visualizes our present view on the hormonal and neuronal effects on energy substrate homeostasis.
Increased parasympathetic activity leads to the storage of energy substrates such as glucose and free fatty acids (FFA) (for reviews see 17, 42, 46, 59) . The main parasympathetic efferents involved in energy substrate homeostasis are those projecting on the liver and the endocrine pancreas. In the liver, stimulation of parasympathetic nerves leads directly to conversion of circulating glucose into glycogen (42) . Stimulation of the parasympathetic neurons that enervate the pancreas leads to an increased outflow of insulin by pancreatic [~-cells. In turn, insulin lowers blood glucose concentrations via suppression of endogenous glucose production and stimulation of glucose uptake. More specifically, it inhibits hepatic glycogenolysis and gluconeogenesis, and stimulates the storage of glucose in liver in the form of glycogen. In addition, in other insulin-sensitive tissues like resting muscle and adipose tissue, insulin stimulates the uptake, storage and utilization of glucose. Insulin is the only major physiological factor causing a decline in plasma FFA concentrations. It inhibits lipolysis and enhances the re-esterification of FFA by accelerating the transport of glucose into the fat cell. Activation of the sympathetic branch of the autonomic nervous system leads to the outflow of neuronal norepinephrine (NE, from sympathetic nerve endings) and hormonal epinephrine (E, from the adrenal medulla). Sympathetic activation results in the mobilization of glucose and FFA from the storage tissues (35, 42, 59, 60) . The main sympathetic efferents involv.ed in energy substrate homeostasis are travelling through the preganglionic splanchnic nerve and end directly on specific target organs such as liver and pancreas. The effects of E and NE include both direct and indirect actions mediated via a-and 6-adrenoceptor mechanisms. Catecholamines directly enhance hepatic glucose production via stimulation of both glycogenolysis and gluconeogenesis in liver. Catecholamines also limit expenditure of circulating glucose via ~2-adrenoceptor stimulation of muscle glycogenolysis. The a2-adrenoceptor mediated inhibition of pancreatic insulin release and a-and ~-adrenergic stimulation of glucagon secretion represent the most important indirect effects of catecholamines on glucose metabolism. Lipolysis is predominantly influenced by neuronal NE (but not physiological doses of E) via activation of ~3-adrenoceptors on the fat cell (18, 38) . This effect of NE on FFA mobilization is a typical example of a hormonal action of NE since white adipose tissue cells are not directly enervated by sympathetic neurons. Finally, E and NE may stimulate glucose and FFA mobilization indirectly via the az-adrenergic inhibition of insulin release.
Energy Substrate Homeostasis and

Autonomic Functioning
Activation of one of the two branches of the autonomic nervous system thus leads to alterations in peripheral energy metabolism. One may argue that this relation between autonomic activity and substrate availability must be bidirectional; in other words that changes in the availability of glucose and/or FFA will lead to the activation of one of the two branches of the autonomic nervous system. Indeed, increased availability of energy substrates activates the parasympathetic branch, while a reduction in the availability of glucose and/or FFA increases sympathetic outflow. Some of the studies from our laboratory providing evidence for this altered autonomic functioning after experimentally-induced changes in glucose and/or FFA homeostasis are described below. The first set of these experiments focussed on the metabolic and hormonal responses that occur during an increased supply of energy substrates. In these studies, blood samples for measuring blood glucose and plasma insulin concentrations were taken from undisturbed permanently cannulated rats that were subjected to intravenous or intragastric glucose infusion or food intake. Some of the data are presented in Figure 2 .
We found that food intake is accompanied by a socalled early insulin response (EIR), an increase in plasma insulin that occurs immediately after the onset of a meal (47, 52) . This EIR could be suppressed by prior administration of atropine or by subdiaphragmatic vagotomy, providing evidence for a parasympathetic origin of the EIR (11, 46, 50) . Administration of atropine also attenuated and delayed the insulin response to intravenous or intragastric glucose loads (51) , which indicates that the parasympathetic nervous system is also involved in the dynamics of insulin secretion during hyperglycemia. A second set of experiments dealt with the metabolic and hormonal responses to a reduction in the availability of energy substrates. Hypoglycemic doses of insulin or drugs that block glucose or fatty acid utilization--such as 2-deoxy-D-glucose (2-DG), 2,5-anhydromannitol (2,5 AM) or sodium mercaptoacetate (MA)--were given to permanently cannulated rats. Blood samples were taken during these experiments and (among others) catecholamine responses were measured (34, 57) . In short, the data revealed that there might be two distinct counterregulatory mechanisms. Activation of the neuronal branch of the sympathetic nervous system (NE) with its direct effects on insulin ( $ ) and glucagon ( 1' ) release seems to be the primary neuroendocrine mechanism to compensate for a reduction in energy substrate availability. When this first line of compensatory responses remains insufficient, the adrenomedullary branch (E) is activated as the secondary mechanism (55).
An alternative or additional way to stimulate the mobilization of glucose and FFA is to increase the utilization of these energy substrates. To this end, rats were subjected to exercise, a state in which sympathetic outflow has to alter to increase the flow of glucose and FFA to the exercising muscle. In our model, exercise consists of strenuous swimming against a counter current in a pool with water at 33°C. Blood samples for measuring sympathoadrenal outflow and metabolic hormonal responses were taken before, during and after exercise. The data showed that increased fuel utilization during exercise is accompanied by a stimulation of sympathoadrenal outflow, reflected by elevated plasma NE and E levels (37) . The increased catecholamine levels led to an enhanced hepatic glucose production, a reduction in insulin secretion and increased lipolysis (34, 38, 56) . Changes in the experimental conditions (food deprivation, training, MA-treatment, etc) markedly influenced the catecholamine response to exercise (57) .
One example is given in Figure 3 : the first time swimming (emotional stress) was characterized by a high E response and relative low NE levels. In contrast, well-accustomed animals showed a definite NE response with low E concentrations. This suggests that emotional stress shifts the sympathoadrenal response to swimming from NE to E (39). This shift is accompanied by attenuated lipolysis and increased glucose mobilization (39) . Since glucose serves as the predominant fuel for the brain, this increased glucose mobilization can be seen as an appropriate and functional response to an uncontrollable stressor, because it guarantees an adequate supply of glucose to the central nervous system under stressful conditions.
We concluded from these data that the two branches of the sympathoadrenal system are both functionally and metabolically dissociated. Further studies in our laboratory revealed that this regulation of sympathetic outflow may take place at many levels in the sympathetic nervous system (35) . Local infu- [39] .
Fig. 3. Plasma epinephrine (E) and norepinephrine (NE) responses to exercise in naive (first swim) and well-accustomed control rats. Exercise indicated by the dotted period
sions of adrenergic and serotonergic agonists and antagonists into several hypothalamic areas identified the hypothalamus as a major center in the brain coordinating sympathoadrenal outflow and energy homeostasis (40, 41, 44) . Experiments in which selective adrenoceptor agonists and antagonists were intravenously infused in exercising rats showed that presynaptic regulatory mechanisms acting at sympathetic nerve terminals may determine the ultimate sympathetic activation of the different target organs involved in energy homeostasis (37, 38) .
Animal Models for Hyperphagia
The major aim of the present paper is to focus on the relation between overfeeding, autonomic functioning and the processes that are involved in the regulation of peripheral energy substrate homeostasis. In our laboratory, four animal models for hyperphagia are used through the last decennia: the genetically obese Zucker rat, the VMH-lesioned rat, the LH-stimulated rats and, more recently, rats rendered obese by hyperalimentation. The Zucker rat and hypothalamically-manipulated rats are the most studied animal models for hyperphagia and obesity (8, 49) , the hyperalimented rat model was specially developed in our laboratory (5) . Some of the typical characteristics of these different animal models are described below.
The Zucker fa/fa "fatty" rat is a classic genetic rat model for obesity (for reviews see 8, 9, 21, 49) . It is a spontaneous genetic abnormality, discovered by Zucker and Zucker (62) in their colony of Wistar rats. Obesity occurs along predictable genetic Mendelian lines associated with a single recessive gene. Hyperphagia is one of the main characteristics of the fatty Zucker rat. Feeding studies in our laboratory revealed that obese Zucker rats eat more than their lean littermates, especially in the phase of the light dark cycle (1).
The higher food intake is mainly caused by a dramatic increase in meal size ( Figure 4 ) and a small reduction in meal frequency (1) . Metabolic elements of the Zucker syndrome includes a.o. hyperinsulinemia, hyperglyceridemea and insulin resistance (13, 19, 20, 54) . Anatomical studies revealed that pancreatic beta cells and white adipocytes are increased in size and number (2, 14) . Furthermore, thermogenic defects, reduced metabolic rate, a disturbed HPA-axis and decreased locomotor activity are also reported in the fa/ fa rat (16, 49, 53) .
The hyperphagic animal that results from a surgical perturbation of the ventromedial nucleus of the hypothalamus (VMH) is by far the most studied nongenetic model for obesity. Lesions in the VMH, either electrolytic, radio-frequency or chemical, and knife cuts around the VMH all result in varying degrees of hyperphagia and weight gain (for reviews see 8, 49) . Hyperphagia is the result of an increase in meal size but not meal frequency. The normal day-night cycle seems to disappear in VMH-lesioned animals, resulting in overfeeding during the light period combined with a somewhat reduced food intake in the dark period (49) . However, unpublished studies from our laboratory in which very discrete lesions were applied in the ventrolateral part of the VMH reveal that hyperphagia can also occur without any changes in the circadian rhythmicity. Metabolic features of the VMH syndrome includes hyperinsulinemia in the face of normoglycemia, hypertriglyceridemia, decreased glucagon and growth hormone levels, adiposity and reduced energy expenditure which seems primarily the reflection of decreased brown adipose tissue thermogenesis (3, 8, 49) .
Electrical stimulation of the lateral hypothalamic area (LHA) also induces excessive eating in the rat. In this type of hyperphagic rat, baseline blood glucose and plasma insulin levels are above normal (43, 45) . The LHA-stimulated rats cease to eat voluntarily in between stimulation/feeding sessions (43) . Moreover, after termination of the daily LHA stimulations-when the rats have become obese--they spontaneously limit food intake until their body weight reaches normal control values (Figure 5a and b). During this voluntary aphagia, blood glucose immediately drops below control levels. The decline in baseline insulin levels is much slower (43). [45] . 
Fig. 5a. Comparison of food intake on control days without stimulation (twelve sessions) versus stimulation (eighteen sessions) of six rats with permanent electrodes implanted in the lateral hypothalamus. Food was available ad lib during 30 min stimulation periods and during the rest of the day. Vertical lines represent SEM
. Mean and SEM of body weight (0) and spontaneous food intake (I) of eight rats subjected from days 5 to 35 to three daily sessions of electrical LHA stimulation. For comparison mean body weight of four non-stimulated controls (©)
is added [43] .
It is interesting to note that the first voluntary meals after termination of LHA stimulation coincide with the return of baseline insulin to the normal control value (Figure 5c ). This observation may be used as circumstantial evidence for a role of insulin in the control of feeding behavior (7) . Further information on other metabolic characteristics of the LHAstimulation-syndrome is scarce.
The final and most recent model for hyperphagia, the hyperalimented rat, was developed by BSrk Balkan during his PhD-study in Groningen (5) . In this model, rats are subjected to intragastric overfeeding for 35 days. For this purpose, a diet (liquid diet prepared from Nutrison powder) is infused through a permanent implanted intragastric cannula at a rate of 0.3 mL/min during twelve 30-minutes periods at the end of the light cycle and during the night. The diet is delivered in the light period at 60-minute intervals between the infusion periods. Total daily caloric intake during overfeeding is about twice the amount of that under the ad libitum condition. Hyperalimented rats display a strongly increased body weight (674 gram vs 370 gram in controls) and altered body composition ( Figure 6 ). These rats have elevated plasma levels of FFA and enlarged fat pads. This form of overfeeding is also accompanied by hyperinsulinemia and normoglycemia, indicating a progressive insulin insensitivity induced by excessive nutrient supply (5).
Autonomic Functioning and Metabolic Consequences in Hyperphagic Rats
Symptoms of experimental and genetic hyperphagia, e.g., obesity, adiposity and hyperinsulinemia, are generally accompanied by profound changes in autonomic [43] . functioning (8, 21, 26, 27) . Several authors suggest a causal relationship between these symptoms and altered autonomic functioning in which, for. example, hyperinsulinemia can be explained by increased activation of the parasympathetic nervous system (24, 32, 33) and/or reduced sympathetic outflow (8, 26) . In the following paragraphs several aspects of autonomic (dys)functioning and the consequences for peripheral energy substrate homeostasis in the abovementioned animal models for hyperphagia (and especially the hyperalimented rat) will be discussed. Several studies suggest a direct relationship between hyperphagia, obesity and increased parasympathetic tone (20, 21, 24, 31, 33, 53) . The fatty Zucker rat, for example, shows a number of metabolic disorders pointing to a permanent change in the function of parasympathetic nervous system. Elevated plasma insulin levels and reduced baseline heart rate ( Tables  1 and 2 ,29) reflect increased parasympathetic tone. Furthermore, data from young fatty Zucker rats reveal that the development of hyperinsulinemia is primarily the result of increased parasympathetic activity (24, 32, 33, 53) . The vagally mediated cephalic insulin release during food ingestion is also markedly enhanced in young fatty Zucker rats (19, 20, 31) . However, we found that typical vagal responses, such as Values are averages z SE and measured in the permanently cannulated undisturbed animal in his own home cage. *Denotes a significant difference from their lean littermates (p < 0.05). Values are averages ± SE, measured at in the home cage of the animals. *Denotes a significant difference (P < 0.05) between obese and lean rats.
the cephalic insulin release or bradycardia in a conditioned fear situation, do not occur in much older (10-12 month old) obese Zucker rats.
In the VMH-lesioned rat, an increased insulin release can be observed during the so-called dynamic phase of the VMH-syndrome (3) (Figure 7) . Data on the vagal activity during the static phase of the VMHsyndrome are somewhat conflicting. Both an increased vagally-induced gastric acid secretion (58) as well as a complete disappearance of the cephalic phase insulin release (49) are described for VMH-lesioned animals. One may hypothesize that increased parasympathetic responsiveness is mainly associated with early stages of hyperphagia in the Zucker and the VMH-lesioned rat, and that vagal responses are reduced at an older age. This may be caused by altered central parasympathetic drive. Finally, it has to be mentioned that the absence of the preabsorptive insulin response combined with increased baseline insulin concentrations may also be explained as a combined consequence of increased vagal activity at a younger age and insulin insensitivity during the increase in fat mass during the late phase of obesity (13, 14, 21, 22, 28, 54) . Increased insulin insensitivity may also explain the elevated baseline insulin levels and the exaggerated insulin response to a glucose infusion in the rats rendered obese by hyperalimentation (5) . Several studies suggested that diminished sympathoadrenal activity rather than increased parasympathetic responsiveness might contribute to the metabolic deficiencies during obesity and hyperphagia (8, 9, 26, 61) . To test this hypothesis, we investigated whether hyperphagia related changes in three of our animal models might be accompanied by reduced sympathetic functioning in rest and exercise. The data revealed that overfeeding is indeed characterized by a reduced sympathetic activity during exercise but that sympathetic outflow is enhanced under baseline conditions (3, 4, 5, 6) (Figure 8) .
The increased baseline outflow-leading to increased mobilization of energy substrates (reflected by slightly enhanced blood glucose levels in obese Zucker rats [ Table 3 ]) and increased metabolic rate--may be viewed as a counterregulatory response to the increased fat and glycogen stores in overfeeding.
Whether the elevated NE concentrations in overfeeding are indeed the consequence of enhanced release of NE in brown adipose tissue or liver is unknown. In any case, in humans it is well documented that continuously elevated plasma NE levels in combination with the insulin resistance in overfeeding might constitute a risk for high blood pressure, atherosclerosis, etc (10, 12, 15, 23, 30, 48) .
Stimulated NE outflow was attenuated in VMH lesioned animals and in rats rendered obese by hyperalimentation (4, 5) . Figure 9 shows the attenuated NE response to exercise in the hyperalimented animals. In the VMH-lesioned animals, this diminished increase in NE outflow could be normalized by prior food deprivation (6) . The exercise-induced changes in the 10-12 month old obese Zucker rats were no different from their lean littermates, suggesting that the central and descending pathways for sympathoadrenal activation are seemingly intact in this form of genetic hyperphagia (36) .
The changes in autonomic outflow in the abovementioned experiments were accompanied by marked alterations in peripheral energy homeostasis. A few examples of these metabolic changes are listed below. First, baseline levels of plasma FFA were increased in all types of overfeeding. These increased baseline levels of FFA were accompanied by an attentuated FFA response to exercise (4, 5, 36) , probably caused by a decreased sensitivity of white adipose tissue to [5] .
noradrenergic stimulation. In the VMH-lesioned and the overfed rats, the reduction of the exercise-induced increase in plasma FFA can also be explained, in part, by the diminished NE response during exercise (3, 5) . The normal reduction in insulin release during exercise did not occur in the overfed rats. In the Zucker and the VMH-lesioned rats, the exercise-induced changes in plasma insulin were (in percent) similar to those in control animals. Blood glucose responses to exercise but also E infusion (3, 4, 5, 36) were highly increased in all animal models for hyperphagia. This exaggerated increase of blood glucose can only be explained by dramatic changes in postsynaptic receptor function. Increased al and/or ~2-adrenoceptor sensitivity during the development of obesity, leading to increased hepatic glucose production (ctl-adrenoce ptors, 28) and reduced glucose uptake caused by increased muscle glycogenolysis (~2-adrenoceptors, 22), may have caused the enhanced blood glucose levels.
Conclusions
The observations reviewed in this paper clearly demonstrate that metabolic needs are regulated via the activity of the autonomic nervous system. In turn, metabolic states profoundly determine the functioning of the autonomic regulatory mechanisms. Hyperphagia results in altered functioning of both sympathetic and parasympathetic branches of the autonomic nervous system, both at central and peripheral levels. The present data add to the hypothesis that the feedback mechanisms which may provide the central nervous system with information on the size of the peripheral energy stores are altered in the hyperphagic state. In models for hyperphagia that display a continuously elevated nutrient intake such as the VMH-lesioned and the overfed rat, the diminished sympathetic response seems to be linked to a positive energy balance. The reinstallation of a normal NEresponse to exercise in 48h-fasted animals VMHlesioned animals (6) supports this hypothesis. In genetically obese animals, an impaired nutrient mobilization and a disturbed feedback mechanism to the areas in the brain that regulate autonomic functioning might be the underlying factor to the hyperphagia, explaining the seemingly normal catecholamine response to exercise in these animals. The hypothesis that exaggerated endogenous energy availability is responsible for the reduced NE response also appears to hold for baseline plasma NE concentrations. Overfed and VMH-lesioned animals reveal elevated baseline NE levels, whereas fatty Zuckers rats do not (3, 5, 36) . These continuously elevated plasma NE levels during overfeeding might, in the human situation, constitute a risk for cardiovascular diseases (10, 28, 30) .
Finally, it is obvious that hyperphagia/obesity cannot be viewed as a uniform phenomenon. Rather it [36] .
is a state of the organism in which disturbances in regulatory mechanisms are differentially affected by factors like overeating or the genetic make-up of the animal. In addition, the duration of the overfeeding and/or the factor age is an important variable both in terms of autonomic regulation and risk factor for various (psycho)somatic diseases.
